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Introduction {#s1}
============

Alzheimer\'s disease (AD) is a progressive neurodegenerative disorder with complex etiology (Scheltens et al., [@B60]). Early diagnosis of AD may help to implement timely interventions which could yield better prognosis and reduced burden of the disease (Cheng et al., [@B12]). Among the neurotransmitter abnormalities that have been investigated in AD, the dopaminergic system has been intensively studied as a key neurotransmitter system involved with emotion and cognition (Nardone et al., [@B51]). The dopaminergic system undergoes several changes during the neuropathological aging process. In general, some studies suggested that dopamine plays a major role in synaptic plasticity mechanisms (Hagena and Manahan-Vaughan, [@B28]). The progressive synaptic disarrangement, impairment of neurotransmission and cell loss would induce further the presence of extracellular deposits of amyloid protein, senile plaques, and intracellular fibrillary tangles, hence inducing symptoms of pre-dementia, like hypo-activity, gait disturbances and decline of cognitive functioning (Mattsson et al., [@B46]).

Moreover, experimental studies have demonstrated that the neurons forming the nigrostriatal pathway showed several pathologic changes, such as neurofilament triplet, neuropil threads, Aβ plaques, neuronal loss and decrease in dopamine content (Roostaei et al., [@B58]). Interestingly, in AD, the dysfunction of dopaminergic transmission has been hypothesized as a new player in the pathophysiology of AD (Nam et al., [@B50]). Dopamine acts through five different types of receptors, generally distinct in two main subclasses: D1-like \[comprising the dopamine 1 receptor (D1R) and the dopamine 5 receptor (D5R)\]; and D2-like \[comprising the dopamine 2 receptor (D2R), dopamine 3 receptor (D3R) and the dopamine 4 receptor (D4R)\] (Kumar and Patel, [@B37]).

Dopamine receptors are generally expressed in the limbic system and cortex, which is related to the control of mood and emotional stability. Furthermore, hippocampal D2R correlates with memory functioning in AD, and existing data suggested that dopamine acts through the D2-like receptors to increase cortical excitability and D1-like receptors to increase the release of cortical acetylcholine (Donthamsetti et al., [@B21]). However, existing data also suggested that dopamine levels were higher in AD patients than in controls, and dopamine receptors showed preferential marked increase of dopamine receptors in the hippocampus and cortex of the AD patients (Seeman et al., [@B61]; Sweet et al., [@B65]). Moreover, some dopaminergic system pharmacological treatments have been identified in AD, which suggests that the dopaminergic activity system may be a reasonable target for the pharmacological intervention of AD (Mitchell et al., [@B48]). However, other neurotransmitter systems are also associated with the process of dopaminergic system pharmacological treatments for AD, such as acetylcholine. For example, Martorana et al. ([@B45]) found L-dopa administration, which modulates cholinergic cortical excitability, was able to improve the cognition ability of AD patients.

Overall, inconsistent results have been reported regarding the association of dopamine and dopamine receptor levels with AD (Seeman et al., [@B61]; Sweet et al., [@B65]; Kumar and Patel, [@B37]). Accordingly, it is necessary to further explore the role of dopamine in AD and which dopamine receptors have an effect on AD. A meta-analysis of the available related data would give some insight into the roles of dopamine and its five receptors in AD (Kumar and Patel, [@B37]). Thus far, no meta-analysis has been conducted and, therefore, the objective of this study was to conduct a comprehensive meta-analysis for the first time on the literature related to the relationship between dopamine and dopamine receptor concentration levels and AD, and quantify the strength of this relationship.

Methods {#s2}
=======

Search Strategy and Selection Criteria
--------------------------------------

This systematic review and meta-analysis has been registered, and the full protocol was uploaded to the International Prospective Register of Systematic Reviews website (CRD42018110798). In addition, it followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Moher et al., [@B49]).

Search Strategy and Selection Criteria
--------------------------------------

We searched relevant articles in four electronic databases: PubMed, Embase, Web of Science, and Psyc-ARTICLES. The search was restricted to all English articles published before December 2018. The search strategy was designed in consultation with experienced librarians, and it was structured as follows using keywords (search terms): ("alzheimers disease":kw OR "alzheimer syndrome":kw OR "alzheimer dementia":kw OR "alzheimer":kw OR "ad":kw) AND ("dopamine":kw OR "deoxyepinephrine":kw OR "dopamine hydrochloride":kw OR "hydrochloride, dopamine":kw OR "intropin":kw OR "receptors, dopamine":kw OR "dopamine receptor":kw OR "receptor, dopamine":kw OR "dopamine receptors":kw OR "receptors, dopamine d1":kw OR "receptors, dopamine d2":kw OR "receptors, dopamine d3":kw OR "receptors, dopamine d4":kw OR "receptors, dopamine d5":kw). These search terms were adapted for the other databases whose detailed search strategies are shown in the supplemental material. Hand searching was conducted by XP and AC. Any inconsistencies between them were resolved by group discussion and consensus with a third party, AL.

Eligibility Criteria
--------------------

Studies were considered eligible if they (1) were case control studies, included AD cases and healthy controls; (2) described AD diagnostic criteria based on standardized criteria, such as that defined in the DSM or other international standardized criteria; and (3) reported mean and standard deviation (SD) of dopamine and dopamine receptor concentrations. Studies were excluded if they (1) were review articles or case reports; (2) studied AD in combination with other mental illnesses or in vascular dementia patients who used psychotropic medication or other medications which could influence the dopamine and dopamine receptor concentrations; (3) studied non-humans or were *in vitro* experiments; and (4) were gray literature (i.e., unpublished reports).

Data Extraction
---------------

For the purpose of the meta-analysis, two independent investigators \[XP and AC\] extracted the following information according to the inclusion criteria specified above: (1) name of the first author and publication year; (2) country of the study; (3) study characteristics: mean age and standard deviation (mean, SD) of participants, gender distribution of participants, AD assessment method, and dopamine and dopamine receptors measurements comprising type of sample, sample bonder, storage temperatures (the meaning of frozen is whether samples were reported for frozen preservation in the study), and assay methods; and (4) mean and SD of dopamine and dopamine receptor concentrations. All the extracted data were organized in EpiData 3.0 and saved in Excel.

Quality Evaluation
------------------

The Newcastle-Ottawa Quality Assessment Scale (NOS) was used to assess the quality of the eligible studies (Stang, [@B64]). Each eligible study was evaluated based on the three broad perspectives: (1) selection; (2) comparability; and (3) outcome. According to the pre-specified criteria of this scale, studies scoring 7--9, 3--6, and 0--3 points were graded, respectively, as high, moderate, and low quality.

Statistical Analysis
--------------------

In this study, meta-analyses were carried out using R software (version R i386 3.4.2). First, we performed meta-analysis of all enrolled studies to compare, one at a time, the concentrations of dopamine, D1R, D2R, D3R, D4R, and D5R between AD patients and healthy controls. This comparison was made using the standardized mean difference (SMD) of the foregoing concentrations between these two groups (Higgins et al., [@B30]). Precision of the SMD was described using corresponding 95% confidence intervals (CI). Heterogeneity between enrolled studies was quantified by the *I*^2^ statistic and assessed by the Cochran\'s Q-statistic (Pan et al., [@B55]). *I*^2^ = 0% indicated no heterogeneity, and *I*^2^ = 100% indicated maximal heterogeneity. Second, the transitivity assumption was assessed visually to ensure that potential effect modifiers were balanced on average across comparisons (Pan et al., [@B56]). If the assumption of transitivity was valid and the evidence formed a connected network, a meta-network analysis was conducted using a consistency model (White et al., [@B71]). The network meta-analysis or mixed comparison with a random-effects model within a Bayesian framework was performed using the GeMTC GUI (version 0.14.3) program (van Valkenhoef et al., [@B68]). All indirect comparisons were taken into account to arrive at an integrated effect of all included treatments based on all included studies. The first 20,000 iterations were discarded, and 50,000 further iterations were run. The model convergence was assessed by four Markov chains running simultaneously. In addition, the rank probabilities were calculated to obtain the hierarchy of each of the concentrations. The plots of rank probabilities were also established to compare the degree of influence by each of the preceding concentrations on AD. Third, sensitivity analysis involved redoing the meta-analysis by omitting each study in turn. Finally, in all analyses, the level of significance for the effect size estimation was set at 5%, and all tests were two-sided.

Data Availability Statement
---------------------------

The data that support the findings of this study are available from PubMed, Embase, Web of Science, and PsycARTICLES, and shown in [Figures 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}.

![PRISMA flow chart of article selection, illustration of how eligible articles were selected. The process by which relevant studies retrieved from the databases were assessed and selected, or excluded. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) diagram for study search.](fnagi-11-00175-g0001){#F1}

![Forest plot of dopamine **(A)**, dopamine D1 receptors **(B)**, dopamine D2 receptors **(C)**, dopamine D3 receptors **(D)**, dopamine D4 receptors **(E)**, and dopamine D5 receptors **(F)** between AD participants and controls. Study effect sizes of dopamine and dopamine receptors and differences between AD and controls. Each data marker represents a study, and the size of the data marker is proportional to the total number of individuals in that study. The summary effect size for dopamine and dopamine receptors is denoted by a diamond. SMD, standardized mean difference; AD, Alzheimer\'s disease.](fnagi-11-00175-g0002){#F2}

Results {#s3}
=======

Literature Search
-----------------

The literature search yielded 1,085 relevant articles, of which 338 were from PubMed, 458 from Embase, 212 from Web of Science, and 77 from PsycARTICLES. After removing duplicates, 913 articles were retained. Following a review of the titles and abstracts of the 913 articles, 728 articles were excluded for failing to meet the inclusion criteria. Full review of the 185 articles resulted in further exclusion of 86 articles for being unrelated studies. Additionally, 33 articles were excluded for having no data on dopamine or dopamine receptor, 31 articles for not reporting means and SDs of dopamine or dopamine receptor, 7 articles for not comparing AD patients and controls, 5 articles for being review articles, and 6 articles for not reporting results for controls. A total of 17 articles met the eligibility criteria and were included in the final analysis ([Figure 1](#F1){ref-type="fig"}).

Characteristics of Eligible Studies
-----------------------------------

[Table 1](#T1){ref-type="table"} presents the characteristics of the 17 eligible studies. These studies compared dopamine concentration levels between 170 AD patients and 104 healthy controls, and dopamine receptor concentration levels between 342 AD patients and 396 healthy controls. The NOS score of these studies varied between 5 and 8, with 9 studies of high quality and 8 of moderate quality.

###### 

Characteristics of studies included in meta-analysis of dopamine and dopamine receptors in Alzheimer\'s disease.

  **Study**                 **N**   **Case**   **Control**   **Material**   **Country**       **NOS**   **Female**   **Mean age**   **AD assessment**       **Collection time**   **Methods**   **Frozen**
  ------------------------- ------- ---------- ------------- -------------- ----------------- --------- ------------ -------------- ----------------------- --------------------- ------------- ------------
  Kurup and Kurup, [@B38]   30      15         15            Plasma         India             5         0(0%)        67.5 ± 5.7     ICD-10                  NR                    HPLC          NR
  Liu et al., [@B42]        28      14         14            Urine          China             5         0(0%)        81.7 ± 3.8     DSM-IV                  NR                    HPLC          −20°C
  Umegaki et al., [@B67]    87      66         21            Plasma         Japan             7         66(100%)     82.5 ± 7.8     DSM-IV                  AM 7                  HPLC          −70°C
  Yates et al., [@B73]      25      14         11            Brain          U.K               6         4(67%)       72.0 ± 18.0    Global dementia scale   NR                    Other         −70°C
  Adolfsson et al., [@B1]   30      18         12            Brain          USA               7         13(78%)      74.5 ± 7.2     Global dementia scale   NR                    Other         −20°C
  Allard et al., [@B2]      32      21         11            Brain          Sweden            8         0(0%)        82.0 ± 6.0     DSM-III                 NR                    HPLC          −70°C
  Dekker et al., [@B19]     42      22         20            Brain          The Netherlands   7         8 (73%)      81.3 ± 7.6     DSM-IV                  NR                    HPLC          −80°C

  **B**                                                                                                                                                                                   
  --------------------------- ---- ---- ---- ------------------------------ ------------- --- --------- ------------- ------------------------------ ------------------------------------ -------
  Barbanti et al., [@B4]      45   20   25   Peripheral blood lymphocytes   Italy         6   12(60%)   62.5 ± 3.7    Radioligand binding assay      \[^3^H\]7OH-DPAT/^\[3^H\]SCH 23390   NR
  Cortés et al., [@B14]       44   14   30   Hippocampus/dentate gyrus      Switzerland   8   5(71%)    84.0 ± 2.0    Quantitative autoradiography   \[^3^H\]SCH 23390                    −20°C
  Cross et al., [@B15]        25   12   13   Putamen                        U.K           6   7(58%)    79.0 ± 4.0    Quantitative autoradiography   \[^3^H\]Spiperone                    −70°C
  De Keyser et al., [@B18]    14   7    7    Frontal cortex                 Belgium       5   3(43%)    60.0 ± 7.0    Quantitative autoradiography   \[^3^H\]SCH 23390                    NR
  Joyce et al., [@B32]        15   7    8    Hippocampus                    USA           7   5(71%)    81.3 ± 6.1    Receptor autoradiography       \[^125^I\]epidepride                 NR
  Joyce et al., [@B33]        21   7    14   Caudate/nucleus accumbens      USA           7   4(44%)    76.0 ± 9.0    Receptor autoradiography       \[^3^H\]SCH 23390                    −70°C
  Kemppainen et al., [@B35]   50   28   22   Hippocampal/temporal lobes     USA           8   12(86%)   70.9 ± 6.6    Receptor autoradiography       \[^11^C\]FLB-457                     NR
  Kumar and Patel, [@B37]     6    3    3    Frontal cortex                 USA           7   3(100%)   77.0 ± 3.1    Receptor autoradiography       \[^3^H\]SCH 23390                    −80°C
  Seeman et al., [@B61]       92   44   48   Striata                        Canada        6   28(64%)   67.0 ± 1.3    Quantitative autoradiography   \[^3^H\]SCH 23390                    NR
  Sweet et al., [@B65]        21   13   8    Lewy bodies                    USA           6   11(85%)   81.0 ± 10.0   Receptor autoradiography       \[^3^H\]SCH 23390                    NR

*NR, not reported; N, total numbers of individuals; USA, United States of America; NOS, Newcastle-Ottawa Quality Assessment Scale; U.K, the United Kingdom; SCH 23390, \[^3^H\]\[R\]-(+)-(--) chloro-2,3,4,5 tetrahydro-5-phenyl-1H-3-benzazepin-al-hemimaleate; 7OH-DPAT, \[^3^H\]7-hydroxy-N,N-di-n-propyl-2-aminotetraline; AD, Alzheimer\'s disease; DSM, Diagnostic, and Statistical Manual of Mental Disorders; HPLC, High performance liquid chromatography-tandem mass spectrometry; AM, Morning; NOS, Newcastle-Ottawa Quality Assessment Scale; ICD, International Classification of Diseases*.

Overall Comparison
------------------

[Figure 2](#F2){ref-type="fig"} presents the results of random-effects meta-analysis. For the 9 studies which compared dopamine concentration levels between AD patients and healthy controls, significantly lower concentration levels of dopamine were observed in patients with AD compared with controls (*k* = 9, SMD = −1.56, 95% CI: −2.64 to −0.49), and heterogeneity was considerable (*I*^2^ = 91.30%, [Figure 2A](#F2){ref-type="fig"}). A similar analysis of 9 studies which compared D1R concentration levels between AD patients and healthy controls showed that D1R concentration levels were significantly lower in AD patients as compared to controls (*k* = 9, SMD = −2.45,95% CI: −4.63 to −0.28, Z = −2.21, *p* = 0.027), and with high heterogeneity (*I*^2^ = 96.70%, [Figure 2B](#F2){ref-type="fig"}). We also found that D2R concentration levels were significantly lower in patients with AD compared with controls (SMD = −1.59; 95% CI, −2.84 to −0.34; *I*^2^ = 94.10%; *p* = 0.013) ([Figure 2C](#F2){ref-type="fig"}). There was no significant difference in the concentration levels of D3R, D4R, and D5R between the two groups.

Subgroup Analyses
-----------------

[Table 2](#T2){ref-type="table"} shows the results of subgroup analyses. Lower dopamine concentration levels were observed in AD patients than in healthy controls (SMD = −1.59, 95% CI: −2.88 to −0.30) for studies with patients aged 80 years or older. There were no identified differences in dopamine concentration levels between the two groups of participants for studies with AD patients \<80 years old. Furthermore, dopamine concentration levels were significantly lower in AD patients than in healthy controls (SMD = −2.27, 95%CI: −4.36 to −1.18) when high performance liquid chromatography-tandem mass spectrometry (HPLC) was used in the assay of dopamine.

###### 

Subgroup Analysis of dopamine, dopamine 1 receptor, dopamine 2 receptor between AD participants and controls.

                             **Number of studies**   **SMD (95% CI)**         **Z**   ***P*-value**   **Heterogeneity**           
  -------------------------- ----------------------- ------------------------ ------- --------------- ------------------- ------- --------
  **DA**                                                                                                                          
  All                        9                       −1.56 \[−2.64; −0.49\]   −2.84   0.004           91.61 8 \<0.0001    2.25    91.30%
  **MATERIAL**                                                                                                                    
  Brain                      6                       −0.33 \[−0.69; 0.03\]    −1.80   0.072           8.11 5 0.1504       0.13    38.30%
  Other                      3                       −6.53 \[−13.53; 0.47\]   −1.83   0.067           77.06 2 \<0.0001    36.86   97.40%
  **MEAN AGE**                                                                                                                    
  \>80                       5                       −1.59 \[−2.88; −0.30\]   −2.41   0.016           43.21 4 \<0.0001    1.77    90.70%
  ≤ 80                       4                       −1.61 \[−3.98; 0.76\]    −1.33   0.183           48.07 3 \<0.0001    5.32    93.80%
  **GENDER**                                                                                                                      
  Female                     6                       −0.38 \[−0.70; −0.06\]   −2.35   0.018           8.43 5 0.1342       0.12    40.70%
  Male                       3                       −6.53 \[−13.47; 0.40\]   −1.85   0.065           71.53 2 \<0.0001    36.18   97.20%
  **ASSAYED METHODS**                                                                                                             
  HPLC                       6                       −2.77 \[−4.36; −1.18\]   −3.41   0.001           82.06 5 \<0.0001    3.34    93.90%
  Other                      3                       0.08 \[−0.74; 0.91\]     0.20    0.840           4.00 2 0.1354       0.27    50.00%
  **D1R**                                                                                                                         
  All                        9                       −2.45 \[−4.63; −0.28\]   −2.21   0.027           245.82 8 \<0.0001   9.82    96.70%
  **COUNTRY**                                                                                                                     
  USA                        3                       −3.39 \[−7.55; 0.77\]    −1.60   0.11            21.83 2 \<0.0001    10.21   90.80%
  Other                      6                       −2.11 \[−4.95; 0.73\]    −1.45   0.146           218.94 5 \<0.0001   12.11   97.70%
  **MEAN AGE**                                                                                                                    
  ≤ 80                       6                       −3.93 \[−6.13; −1.72\]   −3.49   0.001           49.81 5 \<0.000     5.99    90.00%
  \>80                       3                       0.26 \[−3.39; 3.91\]     0.14    0.887           125.46 2 \<0.0001   10.22   98.40%
  **FROZEN**                                                                                                                      
  Yes                        4                       −5.05 \[−6.14; −3.97\]   −9.17   \<0.0001        2.07 3 0.5570       0.00    0.00%
  No                         5                       −0.52 \[−3.00; 1.96\]    −0.41   0.68            161.93 4 \<0.0001   7.77    97.50%
  **D2R**                                                                                                                         
  All                        10                      −1.59 \[−2.84; −0.34\]   −2.49   0.013           152.23 9 \<0.0001   3.51    94.10%
  **COUNTRY**                                                                                                                     
  USA                        7                       −1.13 \[−1.52; −0.74\]   −5.70   \<0.0001        6.51 6 0.3690       0.02    7.80%
  Other                      3                       −2.37 \[−5.91; 1.18\]    −1.31   0.191           100.52 2 \<0.0001   9.39    98.00%
  **NOS**                                                                                                                         
  High                       6                       −1.26 \[−1.69; −0.82\]   −5.70   \<0.0001        4.83 5 0.4370       0.00    0.00%
  Other                      4                       −1.83 \[−4.36; 0.69\]    −1.42   0.154           107.85 3 \<0.0001   6.26    97.20%
  **GENDER**                                                                                                                      
  Female                     4                       −1.07 \[−1.58; −0.56\]   −4.13   \<0.0001        3.86 3 0.2775       0.09    22.20%
  Male                       6                       −1.74 \[−3.64; 0.16\]    −1.80   0.072           132.07 5 \<0.0001   5.28    96.20%
  **METHODS**                                                                                                                     
  Receptor autoradiography   7                       −1.13 \[−1.52; −0.74\]   −5.70   \<0.0001        6.51 6 0.3690       0.02    7.80%
  Other                      3                       −2.37 \[−5.91; 1.18\]    −1.31   0.191           100.52 2 \<0.0001   9.39    98.00%
  **BONDER**                                                                                                                      
  \[3H\]SCH 23390            6                       −2.29 \[−4.50; −0.09\]   −2.04   0.041           132.00 5 \<0.0001   6.60    96.20%
  Other                      4                       −0.89 \[−1.64; −0.15\]   −2.35   0.019           8.00 3 0.0460       0.36    62.50%
  **FROZEN**                                                                                                                      
  Yes                        4                       −0.95 \[−2.11; 0.21\]    −1.61   0.108           10.78 3 0.0130      0.86    72.20%
  No                         6                       −1.86 \[−3.75; 0.03\]    −1.93   0.054           137.53 5 \<0.0001   5.24    96.40%

*DA, dopamine; AD, Alzheimer\'s disease; D1R, dopamine 1 receptor; D2R, dopamine 2 receptor; the meaning of frozen is whether samples were reported for frozen preservation in the study; NR, not reported; USA, United States of America; DSM, Diagnostic, and Statistical Manual of Mental Disorders; HPLC, High performance liquid chromatography-tandem mass spectrometry; AM, Morning; NOS, Newcastle-Ottawa Quality Assessment Scale; U.K, the United Kingdom; ICD, International Classification of Diseases; SCH 23390, \[^3^H\]\[R\]-(+)-(--) chloro-2,3,4,5 tetrahydro-5-phenyl-1H-3-benzazepin-al-hemimaleate; SMD, standardized mean difference; DF, degrees of freedom*.

Subgroup analyses for D1R found that D1R concentration levels were lower in patients with AD compared with controls (SMD = −5.05, 95% CI: −6.14 to −3.97) when the samples were cryopreserved. This result was with no heterogeneity (I^2^ = 0%). On the other hand, there were no group differences for samples which were preserved at room temperature.

Additionally, D2R concentration levels were significantly lower in AD patients than in healthy controls (SMD = −1.13, 95%CI: −1.52 to −0.74), with low heterogeneity (I^2^ = 7.80%), when USA studies were considered. Apparently, subgroup analysis of studies with high NOS scores indicated notably lower heterogeneity (I^2^ = 0%) than when meta-analysis was performed for all the studies together. Also, in the subgroup analysis by gender, it was observed that females with AD presented with lower concentration levels of D2R than female controls (SMD = −1.07, 95%CI: −1.58 to −0.56), but no such significant difference was apparent between males. Finally, significantly lower D2R concentration levels were also observed in AD patients compared to the controls when receptor autoradiography was used in the assay of D2R.

Relative Ranking of Six Groups
------------------------------

Based on the results of rank probabilities as shown in [Figure 3A](#F3){ref-type="fig"}, we could easily find the ranking of each of the following concentrations (ordered from highest priority to lowest): dopamine, D2R, D3R, D4R, D5R, and D1R. A higher probability of achieving rank 1 indicated a higher influence on AD. As indicated by the results, dopamine ranked the highest in rank score, which means it had a strong correlation with AD. Moreover, according to the rank probability charts, the rank of correlations with AD, arranged from highest to lowest, are given as follows: dopamine (0.74), D2R (0.49), D3R (0.46), D4R (0.33), D5R (0.31), D1R (0.64). [Figure 3B](#F3){ref-type="fig"} shows the network of comparisons among classes, and we have uploaded the table of the rank probabilities as the Appendix in [Supplementary Material](#SM1){ref-type="supplementary-material"}. The width of lines represents the number of studies in which each direct comparison was made. The size of each circle represents the number of people who participated in each study.

![Plots of rank probabilities for six groups of dopaminergic **(A)** and network diagram representing direct comparisons among classes **(B)**. DA, dopamine; D1, dopamine 1 receptor; D2, dopamine 2 receptor; D3, dopamine 3 receptor; D4, dopamine 4 receptor; D5, dopamine 5 receptor. **(A)** Six groups of different ranks are represented by different color bands, and the highest rank coefficient in each group is the order ranking of this group. **(B)** The width of lines represents the number of studies in which each direct comparison is made. The size of each circle represents the number of people who received each study.](fnagi-11-00175-g0003){#F3}

Sensitivity and Bias Analysis
-----------------------------

Sensitivity analysis indicated that any single study or a cluster of studies sharing some characteristics influenced little change in SMD and its corresponding 95% CI. Publication bias was not reported for dopamine and dopamine receptors because the number of studies reporting dopamine was \<10 for each comparison.

Discussion {#s4}
==========

Main Findings
-------------

To the best of our knowledge, this is the first systematic review and meta-analysis to explore the relationship between AD status and dopamine, and AD status and dopamine receptors. To date, a number of factors have been proposed to cause damage to the brain, including the presence of extracellular deposits of amyloid protein, senile plaques, and intracellular fibrillary tangles. All these factors are responsible for progressive synaptic disarrangement, cell loss and impairment of neurotransmission. Also, results of animal and clinical studies support the hypothesis that disruption of the dopaminergic system is associated with the pathophysiology of AD (Nam et al., [@B50]).

More recently, it has been proven by some studies of genetic epidemiology that polymorphism of dopamine beta-hydroxylase (DBH) may be associated with the process of AD pathophysiology progression (Belbin et al., [@B6]). However, it is not clear that it is shown if the relative dopaminergic deficit in AD patients is the cause (partially genetic) or the effect of the disease, since dopaminegic loss occurs with age (Bäckman and Farde, [@B3]; Li et al., [@B40]).

The hypothesis of an association between AD and the dopaminergic system is not only supported by genetic studies, but also experimental and clinical studies. For instance, it is widely accepted that dopamine, which derives from the ventral tegmental area (VTA) dopaminergic neurons, modulates and projects mainly cerebral cortex, nucleus accumbens and hippocampal functions, including control of voluntary movement, memory and synaptic plasticity (Nobili et al., [@B53]). It has also been demonstrated that the overall dopaminergic system (dopamine and dopamine receptors) may decline with age (Karrer et al., [@B34]). Moreover, in a recent research, Nam et al. provided experimental evidence showing that dopamine and its structural analogs can reduce oxidative stress and inflammation, which are triggered by Aβ through the diminishing of the induction of inflammatory mediators at the neurofibrillary tangle formation and early "pre-plaque" stage during the progression of AD (Nam et al., [@B50]). Although no cell death occurs in early "pre-plaque" stage in the hippocampus, dopaminergic neuron loss and dopaminergic degeneration could be detected in VTA.

Also, in another recent study, Dekker et al. provided clinical evidence showing that dopamine and its derivatives, such as homovanillic acid and 3,4-dihydroxyphenylacetic acid, are lower in down syndrome with early-onset AD (Dekker et al., [@B19]). Additionally, Koch et al. demonstrated that dopamine D2/D3 agonists such as rotigotine may rescue the AD patients by restoring the cortical plasticity, which may suggest new strategies of therapeutics in AD (Koch et al., [@B36]). In line with the preceding evidence and hypothesis, our findings suggested that dopamine concentration levels were significantly lower in AD patients than in controls. This is consistent with the results of the localization studies of dopamine receptors, which showed a preferential marked decrease of D2-like receptors in the hippocampus and frontal cortex of the brains of AD patients, whose density progressively declined with aging (Tiernan et al., [@B66]). Moreover, several lines of investigation have shown that by acting through the D2-like receptors, dopamine increases cortical excitability, whereas via D1-like receptors dopamine increases cortical acetylcholine release. These observations support the idea that disruption of the dopaminergic system is associated with the pathophysiology of AD, and modulation of the dopaminergic system may lead to a novel therapeutic approach to AD.

Interestingly, the clinical studies have shown that rotigotine, a dopamine D2 agonist, induces changes in both cortical excitability (increased) and central cholinergic transmission (restored) in AD patients (Martorana et al., [@B44]). Thus, in AD, the dysfunction of dopaminergic transmission has been hypothesized as a new player in the pathophysiology of AD. Overall, these results support hypo-dopaminergic function in AD and are in line with our finding of decreased concentration levels of dopamine and dopamine receptors in patients with AD.

Subgroup Analyses
-----------------

As regards dopamine, subgroup analyses indicated that age of subjects and assay method of dopamine significantly explained heterogeneity. In particular, decreased dopamine concentration levels were observed in patients aged at least 80 years. Thus far, a number of factors have been proposed to cause age-induced damage to the brain, including oxidative stress, free radical damage, and intracellular fibrillary tangles, which can be modified by aging, and have been associated with occurrence of AD (Pohanka, [@B57]). Although the underlying mechanisms of this selective impairment remain poorly understood, animal and human data suggest that dopaminergic modulation may be particularly relevant for damage to the brain. Specifically, some age-related changes in the expression of genes are associated with neurotrophic factor signaling and the regulation of tyrosine hydroxylase activity (Borba et al., [@B9]). Therefore, future clinical trials are needed to verify the potential therapeutic effectiveness of dopaminergic drugs in AD patients, especially the patients aged 80 years or older.

As regards the assay method used, we observed no significant difference in the concentration levels of dopamine between AD patients and healthy controls when the assay method was not HPLC. It may suggest that compared with other technologies for detecting dopamine, HPLC may be more reliable. Considering the assay method used, it was observed that there was no significant difference in the concentration levels of dopamine between AD patients and healthy controls when assay method was not HPLC. Therefore, it may be suggested that compared with other technologies for detecting dopamine, HPLC could be more reliable. Noteworthily, there are variations in the methodologies used for the different measurements made over almost four decades ago (1979 to 2018 for dopamine quantification, and 1984 to 2007 for dopamine receptors). For example, Barnum described a spectrophotometric method for determining dopamine, catechol, epinephrine and other aromatic vicdiols in 1977 (Barnum, [@B5]). This method is simple to operate, but with low sensitivity. Additionally, Dayton et al. ([@B17]) reported a method for evaluating the dopamine and 5-hydroxytryptamine in synaptosomes by electrochemical measurement. However, in some biological samples, the oxidative peak potential of coexisting substances such as epinephrine was similar to that of dopamine, so the determination of dopamine was seriously disturbed (Wagner et al., [@B69]).

Furthermore, Westerink and Van Oene ([@B70]) reported a highly sensitive method for the determination of dopamine metabolism in the mice, based on isolation on Sephadex columns in combination with HPLC. This method is accurate, suitable, rapid, and simple, and is also currently widely used in the quantification of dopamine. Therefore, most of the studies involved in this systematic review and network meta-analysis used the HPLC method to detect dopamine. Later, Nozaki et al. ([@B54]) developed and validated a new method for dopamine using chemiluminescence. This method attracted more and more attention because of its high sensitivity, simplicity and rapidity (Saqib et al., [@B59]). Additionally, Li et al. ([@B41]) reported a semi-automated method detection of L-dopa and dopamine in plasma by electrospray LC/MS. This method has high detection sensitivity, but it is complex to operate and requires a high level of experimental equipment, so it is difficult to be widely used. Moreover, Shinohara and Wang ([@B62]) developed and validated a new enzyme-catalyzed luminescence method for real-time detection of dopamine release from a nerve cell.

Also, concerning dopamine receptors, Stafanini and Clement-Cormier ([@B63]) reported a new imaging of the \[^3^H\]Spiroperidol method in 1981 for the determination of D-2 dopamine receptors by single-photon emission computed tomography (SPECT). In addition Ehrin et al. ([@B23]) found a new potent dopamine receptor antagonist to determine cerebral dopamine receptors by visualizing positron emission tomography (PET). Both SPECT and PET have been the mainstream measurement methods for over 30 years to assess dopamine receptor quantification (Booth et al., [@B8]), and most of the studies that provided data for this systematic review and network meta-analysis used these methods. However, there are some new methods that are worthy of attention. For example, Xiao and Bergson ([@B72]) reported a new method for detecting and quantifying levels of dopamine receptors by using protein biotinylation and enzyme-linked immunoabsorbent assay (ELISA). Also, Navarro et al. ([@B52]) reported sequential bioluminescence resonance energy transfer (BRET) and fluorescence resonance energy transfer (FRET) technologies for detecting dopamine receptors. These new methods might be promising tools for investigating *in vivo* the role of dopamine receptors in AD.

Furthermore, subgroup analyses found, with no heterogeneity, that the D1R concentration levels were lower in patients with AD compared with controls when the samples were cryopreserved. These results suggest that cryopreservation is conducive for a sample to retain high viability with protein, and physiological signatures consistent with D1R.

Also, subgroup analysis indicated that the concentration levels of D2R were significantly lower in AD patients than in healthy controls with low heterogeneity when USA studies were considered. This result may suggest that different countries or regions may form different homogenous groups when investigating the relationship between dopamine and AD. However, since more studies for this systematic review and meta-analysis were conducted in the United States, more future investigations are needed in other countries to enable verification of this hypothesis. We could have evaluated heterogeneity in terms of social political economic, ethnicity, technical level and cultural factors but these characteristics were rarely reported in the eligible studies (Lopez-Bastida et al., [@B43]). Thus, we considered country of study as a likely substitute because it contains all those characteristics.

In the subgroup analysis by gender, it was found that females with AD had lower concentration levels of D2R than female controls, and no such significant difference was apparent between males. This is consistent with some evidence which showed that women are at higher risk than men of developing AD (Ferretti et al., [@B24]). Moreover, other research found that multimodality brain imaging indicated gender differences in the development of the AD endophenotype, with postmenopausal women and perimenopausal women exhibiting increased indicators of the AD endophenotype than men, suggesting that the preclinical AD phase presents early in the female aging process and coincides with the endocrine transition of perimenopause. In addition, current studies of individuals with AD provide evidence of alterations in the neuroendocrine system that dopamine and acetylcholine are affected by gender steroid hormones (Giacobini and Pepeu, [@B27]). One explanation could be that gender hormones exert trophic effects on the cholinergic system, while acetylcholine is involved in dopaminergic mediators which are responsible for progressive synaptic disarrangement, impairment of neurotransmission and cell loss. Gender-related differences in neural anatomy and function are starting to emerge, and gender might constitute an important factor for AD patient stratification and personalized treatment. Finally, we observed significantly lower D2R concentration levels in AD patients compared to the controls when receptor autoradiography was used in the assay of D2R. This result suggests that compared with the other technologies for detecting D2R, receptor autoradiography may be more reliable.

Moreover, previous studies have shown that some dopaminergic system pharmacological treatments have been identified in AD, suggesting that the dopaminergic activity system may be a reasonable target for the pharmacological intervention of AD. As shown in [Table 3](#T3){ref-type="table"}, a clinical trial revealed that rotigotine, a dopamine agonist, may restore altered cortical plasticity in AD (Koch et al., [@B36]). Another prospective clinical trial showed that treatment of a dopamine receptor antagonist, risperidone, in more severe dementia was showing significant therapeutic effect, but not significant in other subgroups (Mintzer et al., [@B47]). For dopamine precursor, a case-control study showed that levodopa administration was able to improve the cognition ability of AD patients (Martorana et al., [@B45]). For dextroamphetamine, a dopamine uptake inhibitor, a prospective clinical trial showed that it could improve apathy in AD patients (Lanctôt et al., [@B39]). Devanand et al. ([@B20]) also found haloperidol, a D2 receptor antagonist, which was able to restore the Clinical Global Impression-Change score in AD in a 6-month, randomized, double-blind, placebo-controlled pilot discontinuation trial. Interestingly, amantadine is another drug with dopaminergic effects that has been demonstrated to delay dopamine reuptake and stimulate the release of dopamine. Drayton et al. investigated amantadine in the treatment of apathy and found patients (56.7%) were rated as "much improved" or better on the clinical global impression scale (Drayton et al., [@B22]). Methylphenidate is a central nervous system psychostimulant that increasing the synaptic dopamine levels. A randomized, placebo-controlled crossover, double-blind trial found greater improvement in symptoms of apathy in AD patients taking Methylphenidate than placebo (Herrmann et al., [@B29]).

###### 

Characteristics and findings of dopaminergic system related pharmacological treatments on AD.

  **Study**                  **[ClinicalTrials.gov](http://www.ClinicalTrials.gov) Identifier**   **Participant**                              **Intervention**                                                                                      **Finding**
  -------------------------- -------------------------------------------------------------------- -------------------------------------------- ----------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------
  Koch et al., [@B36]        NCT03250741                                                          Thirty AD patients and 10 healthy subjects   Dopamine agonist rotigotine (RTG)                                                                     Dopamine agonists may restore the altered of cortical plasticity in AD
  Cummings, [@B16]           NCT02359552                                                          Fifty AD patients                            Twenty-five receive Rasagiline and 25 receive placebo                                                 Unpublished
  Bennett and Burns, [@B7]   NCT01388478                                                          Twenty AD patients                           R(+)-pramipexole will be taken as a liquid 16 weeks                                                   Unpublished
  Jessen, [@B31]             NCT01047254                                                          One hundred and ten AD patients              A 12-week of Bupropion(dopamine uptake inhibitor)for AD                                               Unpublished
  Mintzer et al., [@B47]     NCT00034762                                                          Four hundred seventy-three AD patients       Placebo (*N* = 238) or 1.0 to 1.5 mg risperidone (dopamine receptor antagonist) per day (*N* = 235)   Treatment by risperidone in more severe dementia showed significant differences but not for other subgroups.
  Martorana et al., [@B45]   NR                                                                   Ten AD patients                              Single oral dose of levodopa (dopamine precursor)                                                     Levodopa administration was able to improve cognition ability of AD patients
  Lanctôt et al., [@B39]     NCT00254033                                                          Twenty AD patients                           Patients were given a single 10 mg dose of Dextroamphetamine(dopamine uptake inhibitor)               AD patients were responsive to the rewarding effects of dextroamphetamine
  Devanand et al., [@B20]    NCT00009217                                                          Twenty-two AD patients                       Twenty weeks of haloperidol (Haloperidol D2 receptor antagonist)                                      Haloperidol open treatment was efficacious
  Drayton et al., [@B22]     NR                                                                   Thirty AD patients                           Amantadine for AD patients                                                                            Patients (56.7%) were rated as "much improved" or better on the clinical global impression scale
  Herrmann et al., [@B29]    NR                                                                   Thirteen AD patients                         Methylphenidate(20 mg/day) or placebo                                                                 Greater improvement in symptoms of apathy in patients taking Methylphenidate than placebo

*DA, dopamine; AD, Alzheimer\'s disease; D2R, dopamine 2 receptor; NR, not report*.

Recently, G protein coupled receptor (GPCR) homodimer and G protein provides a main functional unit and has emerged as potential novel targets for drug development (Casadó-Anguera et al., [@B10]). Moreover, dopamine is distributed in CNS and its physiological effects are mediated by five closely related GPCRs that are divided into two major subclasses: the D1-like and the D2-like receptors (Franco et al., [@B25]; Cortés et al., [@B13]). On the basis of this interaction, some studies of heterotetrameric structures have been proposed for D1R-D3R and adenosine A2Areceptor (A2AR)-D2R heteromers (Cortés et al., [@B13]). It is widely known that A2AR antagonists have been proposed as potential drugs for the treatment of Parkinson\'s disease (Cavić et al., [@B11]). Interestingly, existing research has also decoded the signaling of a GPCR heteromeric complex, which may reveal therapeutic strategies for disorders including Parkinson, schizophrenia and dementia (Fribourg et al., [@B26]).

Relative Ranking of Six Groups
------------------------------

Relatively, network meta-analysis indicated that the rank of correlation between the six treatments and AD was in the following descending order of the strength of the correlation: dopamine, D2R, D3R, D4R, D5R, and D1R. These results are consistent with previous studies on dopaminergic system in patients with AD. Moreover, it is known that by acting through the D2-like receptors, dopamine increases cortical excitability, while via D1-like receptors it increases cortical acetylcholine release. This result may imply that D2-like receptors play a more important role in the development of AD than D1-like receptors (Hagena and Manahan-Vaughan, [@B28]).

This hypothesis has been supported by recent research, since medications intended to treat acetylcholine deficiency have not been very effective for AD. In addition, these findings are corroborated by clinical studies, suggesting that stimulation of primary motor cortex by TMS in AD patients revealed an impairment of central cholinergic activity that can be transiently restored by the administration of Levodopa or rotigotine, or a dopamine D2-like agonist (Martorana et al., [@B44]). Also, this was supported by other clinical studies which indicated that alteration of cortical plasticity is rescued in AD patients who are treated with rotigotine, thus testifying that dopaminergic stimulation might reveal a therapeutic strategy for AD. Although the molecular underpinnings of brain dopaminergic system degeneration in AD remain to be defined, the foregoing results might open up new perspectives in early diagnosis and provide novel targets for pharmacological intervention.

Study Limitations {#s5}
=================

First, each eligible study for this meta-analysis had a small sample size, perhaps due to the need for advanced technology costs in order to perform such studies successfully. The small sample sizes of the eligible studies might have compromised the significance of the conclusions (Sweet et al., [@B65]). In this regard, it is necessary to further explore which dopamine receptors may have an effect on AD, hence more multiple-center, large-sample and high-quality randomized controlled trials are needed. Second, given the high heterogeneity among the eligible studies, the comparability among studies was limited. Meanwhile, different sample sources and degree of the AD may lead to significant heterogeneity. In addition, different sample sources will lead to different application directions in the future. The data of brain tissue and PET in the brain can provide suggestions for targeted drugs, while the data of plasma or urine can provide a reference for biomarkers. Although some subgroup analyses explained the source of heterogeneity, some factors that may influence dopamine and dopamine receptors concentration levels, such as BMI (body-mass index), smoking cigarettes, drinking, physical activity, and blood pressure, were neither measured nor adjusted in the original eligible studies. Finally, the literature used for this meta-analysis originated from cross-sectional studies, which could not make any causality inference.

Conclusions {#s6}
===========

Our meta-analysis has shown that there is evidence to suggest that dopamine, D1R and D2R concentration levels were decreased in patients with AD compared with controls. In addition, decreased levels of dopamine and D2-like receptors were linked with the pathophysiology of AD because of their strong higher rank correlations with AD. Nonetheless, there is a clear need for more prospective studies to validate these hypotheses.
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